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Using  the  quantum  chemistry  calculation  module  based  on  density  functional  theory  (DFT),  the  sta-
ble  adsorption  states  of  Ni4 cluster  on  the  surface  of -Al2O3(0  0 0 1) was  investigated  ﬁrstly,  and  then
the  most  stable  adsorption  conﬁguration  was  selected  as  the representative  model  of supported  Ni4/-
Al2O3(0  0 0  1) catalyst  to investigate  the catalytic  performance  for methane  preliminary  dissociation.
After  theoretic  calculation,  it was  found  that the  methane  dissociation  products  prefer  to be adsorbed  on
edge sites  of Ni4 cluster,  the  adsorption  priority  sequence  (from  large  to  small)  for  the  concerned  species
was  H  >  O2 >  CH3  CH4 >  H2. Comparing  with  pure  Ni4 cluster  without  support,  the  chemical  adsorptionartial oxidation
ickel base catalyst
ensity functional theory (DFT)
ethane preliminary dissociation
ability of  Ni4 cluster  to  H2 molecule  is  decreased  after supporting  on support,  which  would  promote
the  desorption  of product  H2, and  thus  increase  the  H2 yield.  The  adsorption  energy  of O2 molecule  on
Ni4/-Al2O3(0 0 0 1) is much  higher  than  that  of  other  molecules  such  as CH4 or H2 on  Ni4 cluster  surface.
The O  O bond  length  on  the  most  stable  adsorption  site is elongated  by 0.21 A˚, which  would  promote
the activation  and  dissociation  of O2 molecule  signiﬁcantly  and  thus  might  facilitate  the  proceeding  of
 201
further  reaction.
©
. Introduction
In recent years, the methane partial oxidation to synthesis gas is
idely concerned due to its lower energy consumption, fast reac-
ion process, the proper H2/CO molar ratio of 2 for F-T synthesis,
tc. [1–6]. The nickel base supported catalyst is widely applied in
ndustrial production owing to its ideal catalytic performance and
conomic cost [7–10]. During the methane partial oxidation under
igh temperature and high pressure, the sintering of active com-
onents and carbon deposition of solid catalyst could result in the
apid deactivation, and thus the appearance of unusual hot spot
ven run away in ﬁxed bed reactor, which has severely limited
he practical industrial application of methane partial oxidation
atalyst. Therefore, the present nickel based supported catalysts
hould be improved to satisfy the demand of industrial produc-
ion. Meanwhile, there exist still some debates on the mechanism
nderstanding for methane partial oxidation, the current two  main
rgumentations are so called combustion-reforming mechanism
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[11,12] and direct oxidation mechanism [13–15]. It is important to
study the microscopic essence of this catalytic reaction in order to
develop more effective practical catalysts. The quantum chemistry
simulation could provide such an approach to obtain the structural
and energetic information of all concerned reactants, intermediates
and products.
The interaction between metal and support could not only
determine the growth and stabilization of metal clusters, but also
affect the activity of supported catalyst [16]. Using DFT method,
Jung et al. [17] found the support could change the preferential
adsorption stets of CO on M4 (Pt4/Pd4) cluster, thus also the adsorp-
tion energy of CO on different supported catalysts. Through the ﬁrst
principle calculation, Liu et al. [18] found that only little energy
barrier was  required for the oxidation of CO on the Au/TiO2 inter-
face, and the adsorption of oxygen on the interface was the rate
determine step of whole reaction. Yourdshahyan et al. [19] also
found the strong combination between CO and Pt lamella as well
as Pt particulates, and consider that more effective catalysts should
be expected. Using the extended Hückle molecular orbital method
(EHMO), Ferreira et al. [20] studied the catalytic activity for the
methane reforming over the -Al2O3 supported nickel and Ni–Sn
alloy catalyst. Their result was  rather consistent with those of
Open access under CC BY-NC-ND license.experimental work, which suggested that the methane activation
was the rate controlling step for the reforming and partial oxidation
of methane. Meanwhile, it was  also speculated that the formation of
synthesis gas might carry out on the active centers of several atoms
D license.
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Table 1
Calculated and experimental surface relaxations of -Al2O3(0 0 0 1).
S1, 2 (%) S2, 3 (%) Reference
Exp −63 – [25]
DFT (GGA) −85 3 [26]
DFT (LDA) −84 −2 [27]
MD −64 −1 [28]
SC (SM) −67 −5 [29]
DFT −84 −8.5 This work6 M.  Zhang et al. / Applied Su
imultaneously, and the role of Sn promoter could be the poison for
 part of very highly active sites in order to inhibit the carbon depo-
ition on catalyst. Milberg et al. [21] performed density functional
heory (DFT) calculations to study the adsorption of carbon on the
i(1 0 0) surface and on the bulk nickel-based catalysts. The results
howed that Ni atoms were pushed away from Mg  atom, and the
dsorption of carbon on the bare Ni(1 0 0) surface was  more prefer-
ble than that on the Ni(1 0 0) surface doped with magnesium. This
act also indicated that Mg  as promoter could improve the interac-
ion between the carbon species adsorbed on catalyst surface and
xygen in gas phase, leading to the formation of CO precursors.
At high temperature, Ni-based catalyst is easily to get deac-
ivated because of carbon deposition. As for the formation of
arbon deposition, researchers [22] hold that at the tempera-
ure lower than 900 K, the carbon deposition is mainly generated
y the disproportionation of CO and the reaction of CO and H2,
hile at the temperature higher than 900 K, the carbon deposi-
ion is mainly generated by the cracking of methane. The possible
eactions of carbon deposition in methane to syngas process
nclude:
CO → C + CO2
H4 → C + 2H2
O + H2 → C + H2O
Rostrup-Nielsen [23] conjectures that on Ni catalyst surface,
ethane to CO and H2 needs 12 neighboring active sites, while
ethane to carbon needs 16 neighboring active sites, which pro-
ides a way to improve the resistance to carbon deposition of the
atalyst through controlling the size of the active group. That is to
ay, the substance that can improve and keep the dispersion of the
ctive component of the catalyst can be used as additives of resis-
ance to carbon deposition. The additives can destory the active
ites of the formation of carbon and change the adsorption proper-
ies of the catalyst to prevent the generation of carbon [20,24].
In this work, the adsorption and decomposition of small
olecules in the alumina-supported nickel catalyst system was
xamined. And the activation and preliminary dissociation of such
olecules as methane molecules were studied. To understand the
nherent reaction mechanism of methane partial oxidation and
o develop new promising practical catalysts, this work would
elect the -Al2O3(0 0 0 1) supported Ni4 cluster as a model catalyst
bject, and based on DFT calculation the possible rate-controlling
rocess in methane partial oxidation and the essence of methane
reliminary dissociation would be investigated.
. Calculation model and method
In this work, a periodic model is applied to simulate the sup-
orted model catalyst, and the -alumina unit cell has the size of
.24 × 9.52 × 16.85 A˚. To reduce the interaction between adjacent
lusters on support, the (2 × 2) super unit cell has been adopted.
he relaxation result of the optimized surface is shown in Table 1.
he Al terminal surface of -Al2O3(0 0 0 1) surface is selected, this
urface model consists of two Al atomic layers and four O atomic
ayers, thus 40 atoms in whole unit totally. Meanwhile, to avoid the
nteractions between crystal faces produced by the periodic bound-
ry conditions, the vacuum thickness is selected as 13 A˚. The RPBE
quation in generalized gradient approximation (GGA) is applied
o calculate the electronic correlation, and DSPP is used for nucleus
rocess. Owing to the large size in calculation, the gamma  point
s adopted as K points during the adsorption of all species on the
upport catalyst systems.DFT, density functional theory; LDA, local density approximation; GGA, general-
ized gradient approximation; SC, static calculation; SM,  shell model; MD, molecular
dynamics.
In Table 1, S1, 2 and S2, 3 represent the distance between the
atom of the ﬁrst layer and the atom of the second layer, and the
distance between the atom of the second layer and the atom of
the third layer, respectively. The ratio of the distance change of
the atom layers to the original distance is the relaxation distance.
From the table, in this work, the relaxation of the ﬁrst layer atom
and the second layer atom of the -Al2O3(0 0 0 1) surface can reach
−84%, which is fundamentally the same as the study results of DFT
by other researchers. Kittel [30] pointed out that about outermost
three atom layers of the crystalline solid can be called as the sur-
face. For the clean surface, except that the distance between the
atom layers of the surface changes, the arrangement of other atoms
basically remains the same as the bulk.
With Molecular Simulation method, Ferreira et al. [20] pointed
out that syngas reaction can occur in the active center formed by
several atoms. When the number of atoms in the metal clusters
ranges from n = 2 to n = 5, there will be only one stable structure
of the cluster. The cluster of a regular tetrahedron structure when
n = 4 can be used as the active component model of the supported
catalyst. Gomes et al. [31] studied the properties of Pdn (n = 3–4)
cluster supported on the -Al2O3(0 0 0 1) surface with the cluster
model and the periodic model, respectively. Through Local Density
of States (LDOS) and electron density analysis, they thought that
Local polarization is the main cause for the combination of the two.
With periodic DFT, Jung [17] studied the interfacial properties of
noble metal catalyst supported on the ZrO2 surface and studied the
adsorption of a single atom and M4 (four metal clusters: Pt4, Pd4,
Rh4), respectively. They found that M4 metal clusters will be polar-
ized on the surface, the charges will transfer and the adsorption
energy of the metal clusters will increase after they have adsorbed
O. In this work, Ni4 cluster with regular tetrahedral structure sup-
ported by -Al2O3 was  used as the catalyst model.
In this paper, the adsorption energies of each species are deﬁned
as follows:
EadsNi4
= −(ENi4/Al2O3 − EAl2O3 − ENi4 ) (1)
Eadsi = −(Ei/Ni4/Al2O3 − ENi4/Al2O3 − Ei) (2)
Eq. (1) represents the adsorption energy of Ni4 cluster, where
ENi4/Al2O3 is the total energy of Ni4 supported on -Al2O3(0 0 0 1)
surface; ENi4/Al2O3 is the surface energy of -Al2O3(0 0 0 1) sup-
port; ENi4 is the energy term of Ni4 cluster. Eq. (2) represents the
adsorption energies of hydrocarbon and other species, Ei/Ni4/Al2O3
is the energy for the supported catalyst system after adsorption of
hydrocarbon species; ENi4/Al2O3 is the energy for supported catalyst
system; Ei is the energy for hydrocarbon species in gas phase.
3. Results and discussion3.1. Stable adsorption of Ni4 cluster on ˛-Al2O3 surface
Firstly, the adsorptions of Ni tetra basic cluster in form of tetra-
hedron conﬁguration on -Al2O3(1 0 0 0) surface are investigated.
M. Zhang et al. / Applied Surface Science 280 (2013) 15– 24 17
i4 clusters adsorbed on -Al2O3(0 0 0 1) surface.
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Table 2
Adsorption energy and C H bond length data of methane adsorbed on Ni4/-
Al2O3(0 0 0 1) catalyst.
Adsorption
conﬁgurations
EadsCH4
(eV) h (Å) C H bond length (Å)
La Lb Lc Ld
CH4-Sa 0.31 2.91 1.099 1.097 1.098 1.099
CH4-Sb 0.31 3.20 1.096 1.099 1.098 1.096
expressed by the visual differential diagrams. From the speciﬁc
spatial distribution on the accumulation or depletion of charge,
the strength of bonding polarity could be recognized, and from
Table 3
Adsorption energy and Mulliken charge data of CH3 species on Ni4/-Al2O3(0 0 0 1)
catalyst.
Adsorption
conﬁgurations
EadsCH4
(eV) Mulliken charge (|e|)
C H1 H2 H3 CH3
CH3-S1 2.39 −0.203 0.020 0.053 0.063 −0.067
CH -S 2.34 −0.204 0.027 0.072 0.064 −0.041Fig. 1. Stable conﬁguration diagrams of N
mong the all 7 stable adsorption conﬁgurations obtained by calcu-
ations in this work, the Ni4 clusters would interact with the atoms
n -Al2O3(1 0 0 0) surface via three Ni atoms on the bottom surface
f tetrahedron. Meanwhile, the adsorption of Ni4 clusters on similar
lane is also considered, i.e. the four Ni atoms would bond with the
toms on the -Al2O3(1 0 0 0) surface simultaneously. Fig. 1 shows
he most stable adsorption conﬁgurations of Ni4 clusters in form of
ree-dimensional type and plane type, respectively.
After the adsorption of Ni4 cluster on -Al2O3(0 0 0 1) surface,
he surface relaxation would be caused, and the tree-dimensional
i4 cluster makes the relaxation of Al(1) atom inwards by 0.655 A˚,
lso the plane like Ni4 cluster makes the relaxation of Al(1) atom
nwards by 0.387 A˚. For the on -Al2O3(0 0 0 1) supported Ni4
odel, the adsorption energy for tree-dimensional conﬁguration
5.76 eV), which is higher than that for plane like conﬁguration
5.29 eV). In this work, the tree-dimensional adsorption conﬁgura-
ion Ni4 cluster would applied as the simpliﬁed model of concerned
n -Al2O3(1 0 0 0) supported nickel catalyst.
.2. CH4 preliminary dissociation
.2.1. CH4 adsorption
Using the Ni4/-Al2O3(0 0 0 1) as the model for supported nickel
ase catalyst, the adsorption of methane molecule on its surface
nvestigated. At ﬁrst, the methane molecule are lied on the alumina
nd Ni4 clusters, respectively, after structural optimization, it could
e found that, in similar with the adsorption of methane on the
lumina support, there exists no ﬁxed preferred adsorption site for
ethane molecule on the supported Ni4/-Al2O3(0 0 0 1) catalyst
as shown in Fig. 2). Therefore, it could be speculated that methane
olecule is physically adsorbed either on the surface of alumina or
t the top site of on alumina supported Ni4 cluster (Fig. 3).
It could be found from Table 2 that the adsorption energies of
ethane in all possible adsorption conﬁgurations are rather small,
nd the adsorption energies for the adsorption conﬁguration a and
 are relatively higher than those for the adsorption conﬁguration
 and d, i.e. as for the on -Al2O3(0 0 0 1) supported Ni4 cluster
atalyst system, the methane molecule is physically adsorbed on
he -Al2O3(0 0 0 1) support more preferably..2.2. Adsorption of CH3 species
When CH3 is adsorbed on the Ni4 cluster, the adsorption energy
s much higher than those on other supports, therefore in theCH4-Sc 0.19 3.31 1.099 1.097 1.097 1.097
CH4-Sd 0.19 3.64 1.097 1.096 1.098 1.097
supported catalyst system, the CH3 species possibly produced via
methane dissociation would prefer to be adsorbed on the edge sites
of metallic Ni cluster, and the most stable adsorption conﬁgura-
tion is that on the Ni atom at interface. The Mulliken population
analysis data in Table 3 indicated that the on Ni4 cluster adsorbed
CH3 species would carry a little negative charge, i.e. the Ni4 clus-
ter could provide a little charge for CH3 species to form bond,
and such relatively strong chemical action would further pro-
mote the activation and dissociation of CH3 species on Ni4 metallic
cluster.
To understand the bonding property of CH3 species on Ni4 clus-
ter, the differential charge density diagrams for two most stable
conﬁgurations are also analyzed. Differentiations mean the charge
redistribution after the formation of new system, thus the bond-
ing situations of each atom in the system could be more clearly3 2
CH3-S3 2.31 −0.242 0.025 0.067 0.059 −0.091
CH3-S4 2.29 −0.264 0.033 0.036 0.036 −0.159
CH3-S5 2.00 −0.475 −0.006 0.019 0.027 −0.435
CH3-S6 0.36 −0.178 0.040 0.036 0.067 −0.035
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Fig. 2. Stable adsorption conﬁgurations of methane molecule on Ni4/-Al2O3(0 0 0 1) catalyst.
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he charge distribution patterns around certain lattice point, the
onding orbit could be determined. As shown in Fig. 4, the blue
olor represents the charge accumulation, while red color repre-
ents the charge depletion. So it could be seen from Fig. 4 that the
olecule orbit around CH3 species shows evident tetrahedron fea-
ure, which means the CH3 species might form bonding with nickel
tom on Ni4 cluster by the sp3 hybrid orbit, and could be chemically
dsorbed on the surface of Ni4 cluster.
.2.3. Adsorption of H species
As for the adsorption of H atom in the on -Al2O3(0 0 0 1)upported Ni4 cluster catalyst system, two cases are investigated,
.e. the H atoms with initial conﬁguration are adsorbed on -
l2O3(0 0 0 1) and Ni4 cluster, respectively. After the structural
ptimization, the ﬁnal stable adsorption conﬁgurations are also
Fig. 4. Differential charge density diagrams of as for CH3 species on Ni4/-Al2O3(0 0 0 1).
obtained as shown in Fig. 5. The diagrams (e) and (f) are the stable
conﬁgurations of H atom adsorbed on -Al2O3(0 0 0 1) support,
which are similar to those of H atom adsorbed on pure alumina,
the adsorption sites are situated above the top Al(1) site and the
upper threefold site, respectively. The distance of H atom from
surface is 3.46 A˚, and it is also physically adsorbed on the surface,
the adsorption energy is very low, only 0.02 eV. Diagrams (a)–(d)
are the stable conﬁgurations of H atoms adsorbed on Ni4 clusters,
respectively, the adsorption energy of H atom is much higher
than that on support, it is between 2.60 and 3.52 eV. Therefore,
when the H atoms are adsorbed on the supported catalyst, the H
atoms prefer to be adsorbed on Ni clusters than on the alumina4
support.
As shown in Table 4, the charge Mulliken population anal-
ysis shows that H atom is adsorbed at threefold site on the
dsorption conﬁgurations for CH3 species.
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ure alumina without change, and no electron transfer to the
urface occurs. However, the H atom adsorbed at the top Al(1)
tom on surface would bond with the Al atom, thus obvious
egative charge could be carried. When H atom is adsorbed on
i4 cluster in supported catalyst system, it would carry obvious
egative charge, which means the H atom could accept the
lectron transferred from Ni4 cluster, and is strongly chemically
able 4
dsorure -Al2O3(0 0 0 1) and Ni4/-Al2O3(0 0 0 1).
Adsorption
conﬁgurations
Eads (eV) H Ni b
H-Spure1 0.006 
H-Spure2 0.007 
H-Spure3 0.824 
H-Sa 3.53 1.643 
H-Sb 3.04 1.768 
H-Sc 2.67 
H-Sd 2.60 1.715 
H-Se 1.94 
H-Sf 0.022 for H atom on Ni4/-Al2O3(0 0 0 1) catalyst.
adsorbed. The adsorption of H atom on the carrier in supported
catalyst is rather similar to that on the pure alumina, and could
be classiﬁed as the physical adsorption and chemical adsorption.
The adsorption energies for the two  adsorption types are much
less than that of H atom on Ni4 cluster, therefore the H atom
would prefer to be adsorbed on Ni4 cluster surface of supported
catalyst.
ond length (Å) Mulliken charge
of H atom (|e|)
– –0.001
– 0
– −0.356
1.760 −0.195
1.650 −0.220
1.484 −0.122
1.672 −0.190
– −0.441
– 0
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.2.4. Preliminary dissociation of CH4
Chemical adsorption could be classiﬁed as the activated adsorp-
ion and non-activated adsorption [32] according to the size of
ctivation energy required. During the chemical adsorption of
ethane, the external energy should be involved to activate
ethane molecule, and the energy required is deﬁned as its adsorp-
ion activation energy, the adsorption of methane molecule on Ni4
luster surface belongs to this type. During the methane dissocia-
ion, the one of C H bond lengths in methane molecule is elongated,
nd ﬁnally is broken, and the formed H atom and CH3 species are
dsorbed on the different edge sites of Ni4 cluster, respectively. In
he conﬁguration of transitional state, the distance between C H1
toms is reached to 2.216 A˚, i.e. the C H bond is already broken,
hile the new bond between H atom and Ni atom is formed, and the
H3 species show a plane conﬁguration, which is similar to its stable
onﬁguration in vacuum. In the supported catalyst system, the acti-
ation energy data for CH4 dissociation are shown in Fig. 6, where
H4 + S represents the energy sum of methane molecule and cata-
yst surface in vacuum, CH4/S and CH3/S/H represent the adsorption
onﬁgurations of reactant and product in the supported catalyst
ystem, respectively. The dissociation energy of methane prelimi-
ary dissociation (CH4 (ads) → CH3 (ads) + H(ads)) could be calculated
ased on Eq. (3).
H1 = ECH3/S/H − ECH4/S = −48.3 kJ/mol (3)
here ECH3/S/H represents the adsorption energy sum of CH3 specie
nd H atom on the supported catalyst surface, ECH4/S represents
he adsorption energy of methane molecule stably adsorbed on the
upported catalyst surface, the whole dissociation process could
elease reaction heat of 48.3 kJ/mol. Yang et al. [33] has reported
hat the Ni atom could catalyze CH4 dissociation to form HNiCH3
pecie, and the reaction heat of 43.8 kJ/mol could be released, which
s rather close to that calculated in this work. In Fig. 6, it is indi-
ated that, during the whole reaction process, the adsorption of
ethane molecule could release reaction heat of 28.9 kJ/mol ﬁrstly,
nd the activation energy for methane dissociation is 240.2 kJ/mol.
hen the dissociation of methane molecule on the catalyst surface
appens, the chemical adsorption could take place simultane-
usly. The relatively high activation energy demonstrates that the
ethane dissociation could take place only at the enough high
emperature.
.3. Formation of H2
.3.1. H2 adsorption
During the dissociation of methane on catalyst, the hydrogen
ould be produced. In this section, the adsorption performances
f the produced hydrogen molecule on the supported catalyst
urface would be investigated. The hydrogen molecule is put on
he surfaces of Ni4 metallic cluster and support, respectively,
he possible stable adsorption conﬁgurations of H2 molecule on
Fig. 6. The potential energy curve of preliminary dissociation of CH4.Science 280 (2013) 15– 24
supported catalyst surface could be simulated through the
structural optimization based on DFT studying.
The diagrams (a)–(g) in Fig. 7 show the all stable adsorption con-
ﬁgurations of hydrogen molecule adsorbed on Ni4 metallic clusters,
among which only the conﬁguration a shows the weak chemical
adsorption of hydrogen molecule on the Ni4 clusters. The Mulliken
population analysis shows that the hydrogen molecule in this con-
ﬁguration is carried a slight positive charge (as shown in Table 5),
which indicates the existence of electron transfer from hydrogen
molecule to Ni4 cluster. In all other stable adsorption conﬁgura-
tions, the hydrogen molecules are situated relatively far from the
Ni4 clusters, thus no bonding could be formed, and i.e. the hydro-
gen molecule could be only physically adsorbed on the surface
of Ni4 metallic cluster. Two electrons in H2 molecule could form
stable  bond, and the binding energy of H2 molecule with sur-
face are very low. The bond energy data could indicate that the
adsorption energy of most stable conﬁguration is only 0.23 eV. The
weak interaction between H2 molecule and catalyst surface should
be propitious to the formation and desorption of hydrogen. When
hydrogen molecule is adsorbed on the alumina surface, its adsorp-
tion energy is lower than those of its most conﬁgurations adsorbed
on Ni4 clusters. Therefore, only the physical adsorption of hydrogen
molecule on alumina surface or metal cluster could take place. The
bond length data of hydrogen molecule are shown in Table 5. It is
demonstrated that only in case of chemical adsorption of hydrogen
with conﬁguration a, the change of bond length is more evident, As
for other concerned conﬁgurations, the H H bond lengths are very
close to that of hydrogen molecule in vacuum (0.743 A˚).
By removing the support in Ni4/-Al2O3(0 0 0 1) system and
ﬁxing the atomic coordinate of Ni4 metallic clusters, the effect
of support is investigated. After removing support from the sta-
ble adsorption conﬁguration of hydrogen molecule, the structural
optimization would be carried out again, and then the adsorption
property of hydrogen molecule on corresponding Ni4 cluster is cal-
culated. For the most stable adsorption conﬁguration of hydrogen,
the similar calculation shows the hydrogen molecule would be
also chemically adsorbed on such pure Ni4 cluster, the distance
between H H atoms becomes 0.925 A˚, which indicates the  bond
in hydrogen molecule is broken. In this case, the adsorption energy
of hydrogen is 0.56 eV (as shown in Table 6), which is much higher
than that in the supported system. The introduction of alumina
support could weaken the chemical adsorption of hydrogen on Ni4
metallic cluster, and thus beneﬁt the hydrogen desorption.
3.3.2. Formation of H2
The two  hydrogen atoms in reactant are respectively adsorbed
on two  bridge sites of Ni4 cluster, the hydrogen molecule as reac-
tion product is adsorbed on the Ni atom at top position, and, weakly
and chemically adsorbed on Ni4 cluster, the formation route of
hydrogen molecule is shown in Fig. 8.
During the whole reaction, the hydrogen atoms are approached
each other from their original bridge sites, the two  hydrogen atoms
in the transitional state could form single bond with the same Ni
atom simultaneously, and then the single bond is formed between
two hydrogen atoms, the produced H2 molecule is weakly and
chemically adsorbed on the Ni atom at top position. The energy
variation diagram of whole hydrogen formation process could be
shown in Fig. 9, where H/S/H represents the structure of two
H atoms respectively adsorbed on two  bridge sites, H2/S repre-
sents the structure of hydrogen molecule weakly and chemically
adsorbed on the top Ni atom, while H2 + S represents hydro-
gen and catalyst surfaces in vacuum. The activation energy for
reaction (H(ads) + H(ads) → H2 (ads)) is 172.6 kJ/mol, and thus the reac-
tion enthalpy is calculated as follows:
H2 = EH2/S − EH/S/H = 108.2 kJ/mol
M. Zhang et al. / Applied Surface Science 280 (2013) 15– 24 21
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aFig. 7. Stable adsorption conﬁguration diagrams
.4. O2 activationFor the adsorption of O2 molecule in the supported system,
he two cases of its adsorption on Ni4 cluster and -Al2O3(0 0 0 1)
upport are considered, respectively. When the O2 molecule is
dsorbed on Ni4 cluster, the two situations of its parallel androgen molecule on Ni4/-Al2O3(0 0 0 1) surface.
vertical adsorption are discussed; the stable adsorption conﬁgura-
tion diagrams after structural optimization could be seen in Fig. 10.Fig. 10 shows that, when O2 molecule is adsorbed on Ni4 cluster
surface, forming the bond with Ni atom, and then chemically
adsorbed on the surface of Ni4 cluster. Apart from the vertical
adsorption on bridge site in conﬁguration b and on top site in
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Table 5
Adsorption energy and Mulliken charge data of hydrogen adsorbed on Ni4/-Al2O3(0 0 0 1) surface.
Adsorption conﬁgurations EadsCH4 (eV) Mulliken charge (|e|) H H bond length (Å)
H1 H2 H2
H2-Sa 0.23 0.002 0.018 0.020 0.813
H2-Sb 0.14 −0.008 −0.043 −0.051 0.763
H2-Sc 0.14 −0.008 −0.036 −0.044 0.754
H2-Sd 0.14 −0.031 0.043 0.012 0.748
H2-Se 0.13 −0.031 0.027 −0.004 0.748
H2-Sf 0.10 −0.021 0.028 0.007 0.755
H2-Sg 0.07 0.004 0.000 0.004 0.748
H2-Sh 0.12 −0.102 0.085 −0.017 0.748
H2-Ni4 0.56 −0.044 −0.011 −0.055 0.925
Table 6
Adsorption data of hydrogen molecule on different kinds of support.
Support Eads (kJ/mol) Mulliken charge of H atom (|e|) H H bond length (Å)
Ni4/-Al2O3(0 0 0 1) 22.35 0.002 0.018 0.813
Ni4 cluster 53.95 −0.044 −0.011 0.925
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ig. 9. The potential energy diagram of hydrogen formation process H + H → H2.hydrogen molecule.
is much higher than that of only one oxygen atom bonded with Ni4
cluster. Among the all possible stable adsorption conﬁgurations,
O2 molecules are all adsorbed on edge sites or top sites of Ni4
cluster, which become the main locations for the activation of O2
molecule on the supported catalyst surface.
The O O bond length data in Table 7 shows that, after adsorp-
tion of O2 on Ni4 cluster surface, the O O bond length is evidently
elongated, which could result in its chemical adsorption on Ni4
cluster surface. The Mulliken population analysis data after adsorp-
tion show that O2 molecule is evidently negatively charged, i.e. the
electron is transferred from Ni4 cluster to O2 molecule during the
adsorption. According to molecular orbital theory, nickel atom as
transitional metal has unpaired d electrons, could provide free elec-
trons onto the surface, then could enter * orbit of the O2 molecule,
thus would weaken the bonding between O atoms and thus beneﬁt
the activation of O2 molecule.
The adsorption data of O2 molecule on the surfaces of Ni(1 1 1),
Ni(1 0 0) and Ni4/-Al2O3(0 0 0 1) are listed in Table 8. It is shown
that the adsorption energy of O2 molecule calculated based on
the supported Ni4/-Al2O3(0 0 0 1) catalyst model is much higher
than those on Ni(1 1 1) and Ni(1 0 0) surfaces. The O O bond length
of O2 molecule adsorbed on Ni4/-Al2O3(0 0 0 1) surface becomes
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Fig. 10. Stable conﬁguration diagrams of O2 molecule adsorbed on Ni4/-Al2O3(0 0 0 1) surface.
Table 7
Adsorption characters data of O2 molecule adsorbed on Ni4/-Al2O3(0 0 0 1) surface.
Adsorption conﬁgurations EadsCH4 (eV) O O bond length (Å) Mulliken charge (|e|)
O1 O2
O2-Sa 2.55 1.439 −0.261 −0.298
O2-Sb 2.51 1.488 −0.338 −0.481
O2-Sc 2.18 1.437 −0.284 −0.266
O2-Sd 1.96 1.419 −0.270 −0.277
O2-Se 1.42 1.324 −0.205 −0.190
Table 8
Adsorption characters data of O2 molecule on different kinds of surface.
Surfaces EadsCH4 (kJ/mol) Mulliken charge of O (|e|) O O length (Å)
Ni4/-Al2O3(0 0 0 1) −245.66 −0.261 −0.298 1.439
Ni(1  1 1) reported in [34] −22.84 −0.178 0.284 1.337
Ni(1  0 0) reported in [34] −60.25 −0.216 −0.347 1.360
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.439 A˚, which is much higher than those on Ni(1 1 1) surface
1.337 A˚) and on Ni(1 0 0) surface (1.360 A˚), and even 0.21 A˚ longer
han that of O2 molecule in vacuum (1.229 A˚). All these data show
he higher activation level of O2 molecule on the supported Ni4/-
l2O3(0 0 0 1) catalyst than those on other kinds of Ni surface.
herefore, the size of nickel crystallites is rather small, which could
esult in narrower d band width of metallic Ni atom, and stronger
nteraction between O2 molecule and metallic Ni atom.
. Conclusion
On the surface of supported Ni4/-Al2O3(0 0 0 1) catalyst, the
dsorption of methane and some product species formed after
ethane dissociation, as well as the adsorption and formation of
2 and O2 molecules are investigated. It is found that methane
olecule could only physically adsorbed on supported catalyst sur-
ace; the adsorption energy on -Al2O3(0 0 0 1) support is slightly
igher than that on Ni4 metallic cluster. The preliminary dissoci-
tion of methane is carried out previously via the physisorption
tep on supported Ni4/-Al2O3(0 0 0 1) catalyst, and the activation
nergy of methane dissociation is 240.2 kJ/mol. The CH3 species and
 species formed after methane dissociation prefer to be adsorbed
n Ni4 clusters in the supported catalyst system, the most preferred
dsorption sites on Ni4 clusters are positioned at the bridge sites
r top sites of the nickel cluster edges. The chemical adsorption
nergy of H species on Ni4 cluster is higher than that of CH3 species
n Ni4 cluster. The activation energy of hydrogen molecule forma-
ion (H(ads) + H(ads) → H2 (ads)) is 172.6 kJ/mol, which is 67.6 kJ/mol
ower than that of methane preliminary dissociation. The adsorp-
ion energy of H2 molecule produced via methane dissociation is
ll relatively small, which is beneﬁcial for the H2 desorption. The
dsorption energy of oxygen molecule on Ni4/-Al2O3(0 0 0 1) cat-
lyst is much higher than those of other molecules such as methane
nd hydrogen on Ni4 cluster surface, and thus the bond length of
dsorbed O O bond is elongated by 0.21 A˚, which would signiﬁ-
antly promote the activation and dissociation of oxygen molecule,
nd thus might facilitate the proceeding of further reaction.eferences
[1] O. Nakayama, N. Ikenaga, T. Miyake, E. Yagasaki, T. Suzuki, Industrial and Engi-
neering Chemistry Research 49 (2010) 526.
[
[Science 280 (2013) 15– 24
[2] S.M. Villano, J. Hoffmann, H. Carstensen, A.M. Dean, Journal of Physical Chem-
istry A 114 (2010) 6502.
[3] O. Mihai, D. Chen, A. Holmen, Industrial and Engineering Chemistry Research
50 (2011) 2613.
[4] C.P. Merceroz, G. Gauthier, P. Roussel, M.  Huvé, P. Gélin, R. Vannier, Chemistry
of Materials 23 (2011) 1539.
[5] F. Meng, G. Chen, Y. Wang, Y. Liu, International Journal of Hydrogen Energy 35
(2010) 8182.
[6] B.C. Enger, R. Lødeng, A. Holmen, Applied Catalysis A: General 346 (2008)
15–26.
[7] H. Özdemir, M.A. Faruk Öksüzömer, M.  Ali Gürkaynak, International Journal of
Hydrogen Energy 35 (2010) 12147.
[8] D. Ma,  D. Mei, X. Li, M.  Gong, Y. Chen, Journal of Rare Earth 24 (2006) 451.
[9] H. Liu, D. He, Journal of Physical Chemistry C 114 (2010) 13716.
10] B. Li, K. Maruyama, Nurunnabi, M.  Kunimori, K.K. Tomishige, Industrial and
Engineering Chemistry Research 44 (2005) 485.
11] A.T. Ashcroft, A.K. Cheetham, J.S. Foord, M.L.H. Green, C.P. Grey, A.J. Murrell,
P.D.F. Vernon, Nature 344 (1990) 319.
12] D. Dissanayake, M.P. Rosynek, K.C.C. Kharas, J.H. Lunsford, Journal of Catalysis
132 (1991) 117.
13] D.A. Hickman, L.D. Schmidt, Journal of Catalysis 138 (1992) 267.
14] D.A. Hickman, L.D. Schmidt, Science 259 (1993) 343.
15] D.A. Hickman, L.D. Schmidt, AIChE Journal 39 (1993) 1164.
16] C.R. Herry, Surface Science Reports 31 (1998) 235.
17] C. Jung, H. Tsuboi, M.  Koyama, M.  Kubo, E. Broclawik, A. Miyamoto, Catalysis
Today 111 (2006) 322.
18] Z.P. Liu, X.Q. Gong, J. Kohanoff, C. Sanchez, P. Hu, Physical Review Letters 91
(2003) 266102.
19] Y. Yourdshahyan, V.R. Cooper, A.M. Kolpak, A.M. Rappe, Physical Chemistry of
Interfaces and Nanomaterials II 5223 (2003) 223.
20] M.L. Ferreira, N.N. Nichio, O.A. Ferretti, Journal of Molecular Catalysis A: Chem-
ical 202 (2003) 197.
21] H. Milberg, A. Juan, N. Amadeo, B. Irigoyen, Journal of Molecular Catalysis A:
Chemical 35 (2010) 171.
22] J.H. Larsen, I. Chorkendorff, Surface Science Reports 35 (1999) 163–222.
23] J.R. Rostrup-Nielsen, Catalysis Science and Technology 5 (1984) 1.
24] N.N. Nichio, M.L. Casella, G.F. Santori, Catalysis Today 62 (2000) 231–240.
25] J. Anh, J.W. Rabalais, Surface Science 388 (1997) 121–131.
26] C. Ruberto, Y. yourdshahyan, B.I. Lundqvist, Physiological Reviews 3 (2003)
195412.
27] R. Baxter, P. Reinhardt, N. López, F. Illas, Surface Science 445 (2000)
448–460.
28] J. Sun, T. Stirner, W.E. Hagston, A. Leyland, A. Matthews, Journal of Crystal
Growth 290 (2006) 235–240.
29] I. Manassidis, A. De Vita, M.J. Gillan, Surface Science 285 (1993) 517–521.
30] C. Kittel, Introduction to Solid State Physics, eighth edition, John Wiley & Sons,
Inc., New York, 2004.
31] J.R.B. Gomes, Z. Lodziana, F. Illas, The Journal of Physical Chemistry B 107 (2003)
6411–6424.
32] G.R. Wang, Catalyst and catalysis. Dalian University of Technology Press, 2004,pp.  19–29.
33] H.Q. Yang, Y.Q. Chen, C.W. Hu, H.R. Hu, M.C. Gong, A.M. Tian, N.B. Wong, Journal
of  Molecular Structure: Theochem 574 (2001) 57.
34] B. Peng, A DFT Study On The Process of Partial Oxidation of Methane. Tianjin
University, Tianjin, 2007.
